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 Abstract 
   With a particular assumption for the vertical temperature distribution and the chemical 
composition of the lower atmosphere, a possible model of the Martian atmosphere is deduced on 
the terrestrial analogy. On the assumption that, at the surface, the pressure is 85 mb and the 
air is composed of 2.2% CO2 and 97.8% N2, the photodissociation of  CO, takes place in the region 
above 128 km, and peaks of the concentration occur at 137 km for 0 and at 132 km for CO and 
02.  Diffusion is considered to be important above 150 km. Two ionospheric layers are formed 
by the ionization of N2, 0, and  02, the lower layer being located at about  135  km and the upper at 
a level between 600 km and 900 km. The maximum electron concentration is about 4 x  104 cm-3 
in the lower layer and between  9  x  104 and  1.8  x  105  cm-3 in  the upper layer. The height  varia-
tion of the ion composition is also described.
1. Introduction 
   Considerable attention has recently been given to the atmospheres of the planets 
[1, 2]. Some of the fundamental data for our understanding of their structures have 
been furnished by astronomical observations [3, 4, 5, 6, 7]. For Mars, some data are 
available to study the physical condition of its atmosphere from the geophysical point of 
view. The data employed here were derived indirectly from astronomical observations 
and are much less certain than similar data pertaining to the earth's atmosphere. 
Indeed, there is a wide variety of estimates of temperature and chemical composition 
in the lower atmosphere. 
   Carbon-dioxide is the only abundant constituent which has been identified  unam-
biguously by spectroscopic means [4]. Its fraction by volume has been deduced from a 
consideration of the pressure broadening of  spectral lines [5]. If we accept the value of 
85mb for the total surface pressure, then there is about 2.2 percent carbon-dioxide by 
volume in the lower atmosphere [3, 5]. The only likely remaining constituents for the 
unidentified 97.8 percent are nitrogen and argon. Although the abundance of argon is 
not known, it has been customarily assumed, by  terrestrial analogy, that the Martian 
atmosphere is composed mostly of nitrogen with only a trace of argon. 
   With this  assumption, we deduced in this paper a possible  model of the Martian 
atmosphere, since it may be helpful for the better undestanding of the fundamental 
parameters. 
   Recently, KAPLAN et al  [7] have shown the surface pressure to be 25 mb from the 
analysis of the observed intensity of the  CO, band. According to their investigation, the
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low-total pressure implies the higher concentration of  CO, and the much less abundance 
of  N2. If this is the case, the result shown in this paper would be significantly altered 
not only because of the change in the relative abundance of the constituents, but also 
because of the reduction of the critical level above which diffusion predominantes. 
The manner by which changes in the basic assumptions affect the main features of the 
atmospheric structure is briefly discussed in the last part of the paper.
2. Equations in Hydrostatic Equilibrium 
   In a limited region where the scale height can be assumed to vary linearly with 
height, the concentration, n, is given by 
 n no ( H(1)                            ^Ho 
where H is the local scale height and  y is a constant defined by 
 H  =  H,  +  y  (h  —  hu)  ,
h being the altitude above the surface of Mars. In regions where the scale height is 
constant, we have the well-known hydrostatic  equation; 
 n  =  no  exp  (—  h  —Hho   ). (2) 
In both cases,  ho is any datum height in the region concerned, and  no is the value of 
n at  h0. 
   The mass of Mars is known to be 0.108 times that of the earth, and its mean radius 
is about 3380 km [1]. Therefore, the gravitational acceleration at the altitude of 
150 km is 345 cm.sec-2. We assume that this value is constant throughout the region 
considered. 
   An average of daytime temperature over the entire planet has been estimated to 
be about 240°K. The diurnal temperature variation is probably over  100°K at the 
equator [3]. With the composition assumed above, the lapse rate is about -3.7°K/km. 
Considering the radiative equilibrium, GOODY [8] obtained a tropopause at  8.5  km. The 
temperature continues to fall off well into the stratosphere, decreasing to approximately 
134°K at 90 km. Although ozone is important to the problem of heat balance, it is 
assumed in this paper that its effect can be neglected because there is not a sufficient 
amount of  02, and consequently  03, on Mars. From the consideration of heat transfer, 
CHAMBERLAIN [9]estimated that the mesopause temperature is 76°K at a height of about 
130 km. Above the mesopause, he suggested that there is a region where temperature 
increases with height analogous to the earth's thermosphere. A temperature between 
 1100°K and 2200°K at the base of the exosphere which is some 1500 km above the 
surface was suggested by CHAMBERLAIN [9] and by  OPICK [2]. In accord with this 
information, the temperature is assumed to be 270°K at the surface, 233°K at 
10 km, 133°K at 90 km, 77°K at 130 km, and  1427°K at 400 km. In each region
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defined by these altitudes, a linear variation of temperature is assumed. Above 400 km, 
temperature is assumed to be constant. Fig. 1 shows the vertical distribution of the 
assumed temperature up to the altitude of 200 km. 
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   Fig.  1 Vertical distributions of the assumed temperature and the resultant concentration 
          of homogeneous atmosphere. 
   Although there are some changes with height in the composition of the atmosphere 
due to photochemical processes and the diffusive separation of gases, it is useful to 
illustrate the vertical distribution of the particle concentration on the assumption that 
the atmosphere is homogeneous. With the composition assumed at the surface, the 
mean mass of an atmospheric particle is  4.75  x  10-23gr. The result obtained by use of 
Eqs. (1) and (2) is also given in Fig. 1. After this first approximation, it will be possi-
ble to consider the effects of photochemical and dynamical processes, and to construct 
a more realistic model of the atmosphere. 
3. Diffusion and Photodissociation 
   A possible primary photodissociation due to solar radiation in an atmosphere 
composed of  N2 and  CO, is 
 CO2  +  h  (X  <  1692  A)  CO  +  0  , (3) 
in which the absorption cross-section,  o-, is about 1 x  10-19cm2 just on the shorter  wave-
length side of the dissociation limit [10]. This process is followed by the recomination 
processes; 
 0  +  CO  +  M  CO,  +  M (4) 
and 
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where M is a third body. 
   For the dissociation of the secondary compound,  02, only the  SCHUMANN-RUNGE 
continuum is of importance in our case. Thus, 
 02  +  h  <  1760  A)  0  +  0  , (6) 
where the absorption cross-section,  cr,, is taken to be  1.3  x  10-17cm2  [10]. 
   Denoting by  131 and  482 the rate coefficients for (4) and (5), respectively, we have 
in the equilibrium condition 
                    (11n (0)  • n (CO)  • n (M)  n (CO2) —(7)  I  cr,  exp  (--  114) 
and 
                       132n2(0) •                 n (0 2) —               1
4,0-2exp(—n (M)(8) 
where 
 ,u  =  cr,  fh n  (CO2) d  h+  a-,  fh  it  (00 d  h, 
and  I, is the total photon flux of the solar radiation in the SCHUMANN-RUNGE region. 
The concentration, n, for each constituent gas is indicated with the parenthes. 
   Up to a certain altitude, the diffusion of the constituent gases may be neglected. In 
such a region, we have 
            n (CO2) +  n (CO)  f  n  (M)  , (9) 
and 
 71 (0) + 2 n (02) =  n  (CO)  , (10) 
where f is the fraction of carbon-dioxide by volume before dissociation. 
   If is possible from (7) through (10) to compute the photochemical equilibrium condi-
tion. In the calculation, the incident photon flux,  I°, is estimated to be 5.6x  1011cm-2.sec-1 
which is deduced from the observations in the upper part of the earth's atmosphere 
by multiplying the factor of 0.431, because of the different distance from the sun. The 
coefficients  N1 and  ,82 are assumed to be 1  x  10-3'  cm'  sec-1 and  1x  10-32  cm'  sec-1, 
respectively  [10]. The result for the  photochemical equilibrium is illustrated in Fig. 2. 
The concentration of  CO, decreases very rapidly above 128 km. The maxima of  n(02) 
and  n(CO) occur at about 132 km, while  n(0) reaches its maximum at about 137 km. 
The general features are very similar to those obtained by  SHIMIZU [101. 
   We now consider the effects of diffusion. With some well-known approximations, 
we may write the general equation for the diffusion velocity, w1, of minor constituent 
of mass  m1 and concentration  n1 in the form 
          a n 1 "          IV = D               +(y + (11) 
                      mH. 
In the above expression, the diffusion coefficient  13 is defined by
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            D  = 3 1  (  m\1,2 g1/2111/2                                              (12) 
              4 (8 701/2 d2 ) 
                                            n where  in is the mass of a molecule of major constituent and  d the collision diameter of 
the particle. For nitrogen,  d may be taken to be  3x  10-8cm. For the  completely mixed 
atmosphere, we have the relation  (1in1)(3n1fah) =  -(1  +  y)IH, therefore, Eq. (11) may be 
rewritten in the final form as 
           wi3.09 x 1015 (1(/m )1/2                                             (13)n  H1/2 M / M
i 1 • 
Although this velocity is attained only in the completely mixed condition, it may be 
useful to estimate the height above which diffusion predominates. 
   In a region where the  diffusive velocity is comparatively large, the photochemical 
equilibrium condition should be modified by considering transport of particles.  Follow-
ing NICOLET and MANGE  [11], we define the recombination times,  T, and  T,.2 fcr  0 and 
CO, and the diffusion times,  Tdi and Td2 for  0 and 02, which are the times required to 
reduce the initial value of concentration to  e-1 times of it, by 
 1                                               (14) 
                -(15), n (CO) +f32 n (0)} n (M) 
 T72  = 
           132tt(0) 1•n(14(15)                   ) 
  Tdl  (16) 
 2 w1
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and 
   Td,— (17)                     2 
w, 
where  w1 and  w2 denote the diffusive velocities for 0 and  02, respectively. The calcula-
ted results are shown in Fig. 3. The curve for  Tr2 is omitted, since  T,.2-2-7,1 when 
 p1n(C0)<,62n(0). From these results, it is reasonable to assume that the composition 
is governed by photochemical reactions below 140 km. 
   In the region above 150 km where diffusion predominates, the vertical distribution of 
each constituent is given by Eq. (1) or (2) with appropriate values of H0,  y, and  rt, 
(which may differ for different constituents). Fig. 4 shows the results for the vertical 
distribution of the respective constituents up to 800 km. 
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4. Ion Composition 
   Some atmospheric constituents must be ionized by the absorption of solar radia-
tion.  We concern ourselves with the ionization of 0, 02, and N2; 
 0  +  h  (X  <  796  A)  0+  +  e  , (18) 
 02  h  v  <  1027  A)  02+  +  e  , (19) 
and 
 N2  +  h  v  (X  <  911  A)  N2+  +  e  , (20) 
in which the rate coefficients are denoted by  J1. j2. and  js, respectively. The atomic 
oxygen ion produced by the process (18) can transfer its charge to molecules through ion-
atom interchange processes; 
 0+  +  02  0  +  02+  , (21) 
and 
 0+  +  N2  N  +  N  0+  , (22) 
where the rate  coefficients are  k1 and k2, respectively. 
   The creation of these positive ions is followed by the recombination  processes: 
 0++e.0+hv, (23) 
 02+  +  e  0'  +  0"  , (24) 
 N2+ + e N' +  N"  , (25) 
and 
 N  0+  +  e  --*  N'  +  0'  , (26) 
where the recombination coefficients are denoted by  a1, a2,  a3, and  a4, respectively. 
   As a first approximation, we will ignore the ambipolar diffusion.  Then the electron 
concentration n(e) satisfies 
      d n (e)  J
1 n (0)  +  J2 N (02) +  js n (N2)  d  t 
            —  la,  n (0+) +  a2  n  (02+) +  a,  n  (N,+) +  a,  n  (N0+)}  n  (e)  . (27) 
In equilibrium, 
 n  (e)  —Q  -  , (28) 
where 
 =  J1  n  (0)  +  J2  n  (02)  +  J3  n  (N2) (29) 
and 
         B =  a1 n (0+) +  a2  n  (02+) +  a3 n  (N2+) +  a4 n  (NO+)  . (30) 
    The concentration of atomic oxygen ion satisfies 
 d  n  (0+)  n (0)  —  {k1 n (02) +  k,  n  (N2)1  n (0+) —  a1  n (e)  n  (0+)  . (31) 
 d  t
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    In the equilibrium condition, 
             n (0+)=    .J,  n  (0)                                               (32)k
,n (02) +  k2  n (N2) +  a,  12 (e)  . 
In the same way, we have for  n(02+), n(N2+) and  n(NO+) 
 n  (02+)  j,n  (02)  +  k1  n  (02)  n  (0+)                                               (33)
 a2  n  (e) 
              (N2+)  =                    T3n(N)it2 (34)  a
,  n  (e) 
and 
                   k, n (N2) n (0+)     n (NO+)  —(35) 
                        a4 n (e) • 
To find the electron concentration, we may use the relation 
 n (e) = n (0+) + n (02+) +  n (N+2) + n  (NO+) (36) 
which indicates the electrical neutrality of the ionized region. In expression (32), 
  n(e) can be neglected compared with  kin(02)+k2n(N2) up to the altitude where  n(02) 
and n(N2) are very small compared with n(0). Therefore, substituting (33), (34), and (35) 
into (36), we have 
           n (e) =  1  [11 (0+) +  tn2 (0+) +  4  F}1/2]  , (37) 
where 
     Fn (0+)               kin(02)k,n(N2)+ J2n(02)jsn(N2)  
    a2a2a3 
   In the calculation, we refer to the values for the solar photon flux at various 
wave-lengths at the top of the earth's atmosphere as given by WATANABE and HINTERE-
GGER [12], with the multification by the factor of 0.431 in order that they might be 
appropriate for Mars. For the coefficients of the ion-atom interchange processes, we 
examined the distribution of ionic composition in the earth's ionosphere, and found 
the most probable  values  ; 
 k, = 1.3  x  10-12 cm3  sec-1  , 
 k, = 3.3  X 10-13 cm3  sec-1 
with the  recombination coefficients; 
 ai = 1.2  x  10-12 cm3  sec-1  ,  [13, 14] 
 a2  =  2.1  X  10-7  cm3  sec-1  ,  [15] 
                  a3 = 6.0  x  10-7 cm3  sec-1, [15] 
and 
                  a4  — 2.0  x  10-9 cm3  sec-1  . [16]
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   For the model atmosphere shown in Fig.  4, the transmission curves  for various 
wavelength are illustrated in Fig. 5. Fig. 6 shows the values of  Jo(0),  J2n(02) and 
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   Fig. 5 Transmission curves for various wavelengths. 
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Fig. 8 Height change
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in the percentage composition of positive ions.
of 0, 02, and  N2 respectively, as functions of height. We note that  J2n(02) has a sharp 
maximum at about 135 km, while  j1n(0) and J3n(N2) exhibit broad maxima at about 500 
km with irregularities at 200 km which are resulted from the ionization by soft-x-rays . 
Vertical distributions of  n(0+),-n(02+),  n(NT,±),  n(NO-F) and n(e) are depicted in Fig. 7 . 
The results shown in the figure will be  significantly altered above 700 km if one 
considers ambipolar diffusion. In particular, the electron density will reach a 
maximum rather than steadily increasing above 700km. This problem will be briefly 
discussed in the next section. The percentage composition of positive ions versus height 
is indicated in Fig. 8.
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5. Discussion 
   We now examine the validity of some of the assumptions made in the previous 
sections. 
   First, we have assumed the photochemical equillibrium below 140 km. If we 
consider the dissociation time for  CO, which is the reciprocal of 
 cr,  Io  exp  t —  a-i  .14  n  (CO2)  dh jh  n  (02)  dhl  ,
it is of the order of 100 days and is larger than the diffusion time for CO2 at any height 
because of the very small value of  ai. Therefore, it is most likely that the vertical 
distribution of n(CO2) is not affected by the photo-dissociation but is governed by mixing 
or diffusion. Consequently, n(CO2) may not decrease as steeply as shown in Fig. 2. The 
effect on the structure of the ionized region, however, is not serious, because the ioniza-
tion is essentially concerned only with 0,  02 and  N2. 
   In the case of dissociation of 02, the dissociation time for  02 is shorter than the 
diffusion time for  02 above 133 km, so that photochemical equilibrium in the region 
between 133km and  150  km is very probable. Below 133km, the solar radiation respon-
sible for the dissociation has been so severely absorbed that the dissociation time is larger 
than the diffusion time. In addition, because of the small amount of atomic oxygen, 
the recombination time of 0 is also larger than the diffusion time. Therefore, the 
distributions of  02 and 0 are possibly governed by other processes than the photo-
dissociation, and consequently the existence of a maximum of n(02) at 132km is doubtful. 
It is more likely that oxygen molecules are distributed in the same proportion in the 
lower region as at 133km. 
   In such a situation, the maximum value of the electron concentration and the 
height at which it occurs could be somewhat modified. In this case, at the height for 
maximum production of electrons from  02, the following condition must be satisfied; 
 n  (02)  =  A1H 
where A is the ionization cross-section of  02 for the LYMAN beta radiation. If we use 
the value of  1.7X  10-1scm2 for A and an appropriate value of  7x  105cm for H, we get the 
value of about  8  x  1011cm-3 for n(02) at the level where the electron production from  02 
is maximum. This value can be found at a slightly higher level than the maximum 
of n(02) given in Fig. 2. Apparently, the only effect on the structure of the ionized 
region would be a shape of the lower boundary. 
   In higher regions, the effect of the ambipolar diffusion should be taken into account. 
In this case, the electron concentration is given by 
 a  n  (e)  —  Q— B  n (e) —  P, 
 at 
where P is the net loss of electrons due to the transport by diffusion. It has been 
shown by RISHBETH and BARRON  [17] that the peak of n(e) occurs near the level where
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where  1)„ is the coefficient of ambipolar diffusion and is taken to be  1.1  x  101811-1118]. 
 From Fig. 9 which shows the vertical distributions of the effective attachment coefficient 
B, and  D„/21/2 as well as the  electron concentration, it is seen that the condition that 
 B=D„12H2 holds at a height of 915km. Therefore, it is quite probable that the electron 
concentration above this altitude is in the diffusive equilibrium condition and that the 
maximum occurs at a level between  600  km and 915 km. The maximum value of n(e) is 
expected to be between  9.0  >:  104 and  1.8x  105em-3. Above the peak , n(e) probably 
lies somewhere between the two dashed curves. Both the extensions of the photochemical 
and the diffusive equilibriums are indicated by the dashed-and-dotted lines.
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   Finally, it may be fair to note the manner by which changes in the basic assump-
tions made in this paper would alter the picture of the Martian atmosphere . As 
mentioned earier, KAPLAN et  al [7] claims that the pressure is as low as  25±15 mb at the 
surface. In accord with their analysis , if we accept the partial pressures of 4 mb for 
 carbon:dioxide and 2mb for argon and 19mb for nitrogen , there could be a significant 
change of the ionospheric structure on Mars. The diffusion region is reduced to about 
130 km-level due to the low total pressure, whereas the maximum dissociation of carbon-
dioxide takes place at the level of about 140km . Apparently, a photochemical equilibrium 
condition is fatally affected by the transport due to diffusion , and the treatment in
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Section 3 is no more valid. In this case, we should consider the simultaneous equa-
tions of continuity for all the constituents. These would result in a quite different structure 
of the atmosphere from what shown in this paper. Accordingly, a great modification 
would be expected in the Martian ionosphere. In addition, a much less abundance of 
nitrogen in the ionospheric region would produce a more pronounced maximum of 
electron density in the upper layer. This problem will be considered in a forthcoming 
paper. 
   In view of RYAN'S study  [19] of the wind velocity responsible for the generation 
of dust storms at the surface level, however, a possible model of the atmosphere based 
on the assumption of a high pressure may still be useful for the better understanding of 
the basic parameters in the Martian atmosphere. 
6. Conclusion 
   Assuming the total pressure to be 85 mb at the surface, we have derived the vertical 
distributions of each constituent. The photodissociation of CO2 takes place appreciably 
above 128km. In photochemical equilibrium, the maximum concentrations of CO and 
02 are found at about 132 km, while that of 0 is attained at about 137km. Above 150 
km, diffusion is the predominating process for the distribution of the constituents. 
   The two ionospheric layers are formed due to the ionization of 0,  02, and N2. The 
maximum electron concentration of approximately 4 x  104cm-3 is found at about 135 
km in the lower region, while the maximum in the higher region  may be between  9  x104 
 cm-3 and  1.8  x  105cm-3 at a level between 600 km and 915 km. 
   The changes in the atmospheric composition and the total pressure at the surface 
would give rise to a significantly different structure of the ionosphere. 
 Acknowledgement  : The author wishes to express his thanks to Dr.  A.D. PIERCE of 
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